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Introduction
Blood Oxygen Level Dependent (BOLD) functional magnetic resonance imaging (fMRI) (Bandettini et al., 1992; Kwong et al., 1992; Mansfield, 1977; Ogawa et al., 1990 ) typically uses T2*-weighted imaging to detect changes in deoxyhemoglobin concentration consequent to altered neural metabolism. Because absolute MR image intensities have no intrinsic meaning, relative differences in signal levels (contrast) are utilized to infer neural differences in brain state. In effect, a time series signal of interest is always compared to another time series, which is either a model-based regressor in the case of task-evoked experiments or signals from another brain region in the case of functional connectivity. Motion of the brain can create apparent time-varying contrast differences that, because the BOLD contrast is small, can be interpreted as true activation. It is therefore important that each time frame be acquired with the shortest possible duration, consistent with tradeoffs between desired signal to noise ratio (SNR), brain coverage, and spatial and temporal resolution. This argues for the use of single-or few-shot acquisition methods, such as Echo Planar Imaging (EPI) (Mansfield, 1977) or spiral (Noll et al., 1995) .
Unfortunately, such rapid acquisitions are affected by localized off-resonance conditions that result from susceptibility induced field gradients (SFGs), which cause geometric image distortion, ghosting NeuroImage 62 (2012) Contents lists available at SciVerse ScienceDirect NeuroImage j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y n i m g and signal dropout, especially in brain regions adjoining air interfaces (Cho and Ro, 1992) . These effects are exacerbated by long readout trajectories, and thus another requirement for fMRI acquisitions is to gather the data for each image as quickly as possible. A typical 3.4 mm × 3.4 mm pixel resolution EPI acquisition will have a readout duration of~30 ms, which is a significant fraction of T2* at 3 T. In the following, we begin with a discussion of EPI, followed by spiral methods with a comparison to EPI, concluding with a historical perspective on spiral applications to fMRI.
EPI
The typical fMRI acquisition uses EPI, with k-space trajectory and pulse sequence shown in Fig. 1(A) . This trajectory covers a Cartesian k-space with lines whose direction alternates as k y (phase encoding direction) advances from top to bottom as shown. Because of the need to turn the corner at the end of every k x (frequency encoding or readout direction) line and the fact that much of the line is acquired during ramping of the G x gradient, the speed in k-space, d|k|/ dt − y|G(t)|, is not constant (γ = gyromagnetic ratio for protons, |G| is the magnitude of the complex gradient waveform G x + i G y ). Furthermore, the energy contributed by the G y gradient is negligible compared to that of the G x gradient, so that only one gradient axis (G x ) is active in the traversal of k-space. Both effects increase the duration of the readout acquisition. Note also that rate of k-space traversal is highly asymmetric, i.e., d|k x |/dt > > d|k y |/dt. Typically, each k x line is acquired in~0.5 ms, so the k x bandwidth is~2000 Hz/ pixel, while the equivalent bandwidth in the k y direction is~30 Hz/ pixel. In practice, therefore, geometric distortions and ghosting due to off-resonance occur primarily in the phase encoding direction. Nyquist ghosting (Jezzard and Clare, 1999) occurs because imperfections in the gradients cause asymmetry in the center of the k x readout, and since the direction alternates every other line, the result is a perturbation manifested at a distance of half the field of view (FOV).
Spiral
The spiral k-space trajectory and pulse sequence is shown in Fig. 1(B) . First described by Ahn (Ahn et al., 1986) , the trajectory starts at the origin and spirals to the edge of k-space, typically using an Archimedean design,
where N int is the number of interleaves, D is the FOV, and θ is a function of time t that describes the azimuthal trajectory sweep. The design of θ is governed by constraints of the gradient system determined by slew rate limit S 0 imposed by either hardware or biophysical considerations of peripheral nerve stimulation, or the gradient amplitude limit, G max :
Eqs. (1-2) result in a differential equation that can be solved for θ by iterative means (King et al., 1995; Meyer et al., 1992) or by various approximations (Duyn and Yang, 1997; Glover, 1999) . Generally the trajectory is slew rate limited near k = 0, where it begins with zero gradient amplitude (top condition in Eq. (2)). As the amplitude of | G| increases during the readout, it may reach G max , at which the solution switches to one in which the slew rate S 0 can no longer be maintained (second condition in Eq. (2)). This rarely happens in fMRI acquisitions, however. In the early days of fMRI before so-called "EPI gradients" were commonly available, the limited amplitude and slew-rate capabilities required multi-shot spirals to maintain a modest readout trajectory, as shown in Fig. 2 .
Comparison of the two pulse sequences in Fig. 1 shows qualitatively that the spiral sequence has a shorter readout duration than that of EPI, which is directly attributable to 1) spiral's use of both G x and G y gradient axes to drive the trajectory, as opposed to just G x for EPI, and 2) not acquiring the k-space corners. The shorter readout reduces off-resonance-induced geometric distortion (in EPI) and blurring (in spiral) as well as SFG-initiated signal dropout (Yang et al., 1998) . Fig. 3 shows T2*-weighted images for EPI and spiral acquisitions. The asymmetry of the EPI trajectory's speed of traversal is amply demonstrated by the different geometric distortions seen when swapping phase and frequency encoding directions. Since spiral has a symmetric trajectory, there is no fast and slow direction, and SFGs cause blurring rather than voxel displacement. Because the spiral readout duration is shorter, the blurring is arguably less intrusive than EPI's distortion, and the signal loss in most frontal regions is also less than with EPI except in a few slices as shown.
A second difference between EPI and spiral is the intrinsic sensitivity to motion from vascularly-driven brain pulsatility is different. If spins at position x(t) move during the readout, additional phase δϕ is accumulated proportional to moments M n of the gradients and the spins' velocity v, acceleration a, and higher order terms (Bernstein et al., 2004) :blured
This phase error causes variable artifacts in the images depending on the timing of the readout with respect to the brain motion, which thereby gives rise to additional noise in the time series. Fig. 4 shows plots of moments for both sequences, which appear very similar. However, the origin of k-space (i.e., the echo time TE) occurs halfway through the EPI readout, and while all moments are zero at exactly k = 0, they grow rapidly at a slight distance from the origin. For spiral all moments remain low for a relatively large radius around the origin (at the beginning of the readout), which leads to reduced motion sensitivity. This was demonstrated by (Yang et al.(1998) , where the improvement in activation with spiral compared with EPI was attributed to the reduced time-series noise exhibited with spiral.
In general, SFG-induced signal dropout in the frontal and parietal regions is worsened at 3 T compared with 1.5 T, and it is not clear whether there is an advantage to using the higher field when studying cognition in these regions. Therefore, visual perception, visuospatial working memory, and affect-processing tasks were utilized to quantify BOLD signal at 1.5 T and 3 T using a spiral acquisition method (Krasnow et al., 2003) . The findings demonstrated significant advantages in prefrontal and other association cortices for 3 T over 1.5 T.
Spiral-in/out
While the spiral method has been found to have some advantages for fMRI as described above, it was recognized that there remained significant signal loss in the frontal and parietal brain regions from SFGs. It was speculated that a spiral-in trajectory ending at TE would create an image with superior signal recovery and BOLD sensitivity in regions with foreshortened T2* (Bornert et al., 2000) , and that this trajectory could be followed immediately by a conventional spiral-out trajectory to create a second image, at no cost in the scan time/slice (see Fig. 1(C) . This was found to be the case , with example images shown in Fig. 5 . As may be seen, the signal recovery in the frontal and temporal regions is superior to that with EPI (and spiral in some slices), because the spiral-in information fills in regions with shortened T2*. Various approaches for adaptively combining the spiral-in and spiralout images were examined , and the most practical method was found to be voxelwise linear addition with weighting determined by the average signal intensity for the two image time-series. In a comparison between spiral-in/out and spiral using tasks eliciting activation in the ventral medial prefrontal cortex, amygdala and dorsolateral prefrontal cortex, the spiral-in/out method was found to be superior in both amplitude and number of voxels exhibiting significant BOLD contrast (Preston et al., 2004) . In principle, if the noise in the -in and -out images is uncorrelated, the tSNR in uniform brain should be √2× greater for spiral-in/out compared with spiralout only, since there are two images contributing equally to the combined image. However, the tSNR advantage was found to be onlỹ 1.3×, which was attributed to noise correlation from the physiological processes of respiration and vascularity (Glover and Law, 2001 ). Nevertheless, this is a substantial advantage that derives from longer total readout time, without the artifact penalty that would occur if the two images were in effect combined coherently (i.e. in reconstruction as one image).
A direct comparison of the BOLD performance for spiral-in/out and EPI has not been previously reported, although spiral-out has been found to be superior to EPI (Yang et al., 1998) , and spiral-in/out has been demonstrated to be superior to spiral-out (Preston et al., 2004) .
Here, we report measurements of tSNR (which mirrors the BOLD sensitivity ) for the two methods, with results for 8 subjects shown in Fig. 6 . For the full-brain measurements, the spiralin/out method demonstrated significantly greater average tSNR (1.07×, p b 0.030, paired t-test) and more voxels above tSNR threshold of 100 (1.10×, p b 0.011). In frontal regions, spiral-in/out voxels above threshold had significantly higher tSNR (1.05×, p b 0.011), and were significantly greater in number (1.18×, p b 0.023). These results suggest a sensitivity advantage of the spiral-in/out method over EPI in both uniform brain and particularly in frontal regions affected by SFG-induced signal dropout.
Variable density spiral
With typical fMRI resolution (e.g. 64 × 64 matrix) the single-shot spiral or EPI readout duration is about 20-30 ms, which is short enough to provide acceptable levels of off-resonance effects for most applications. However, increasing interest in higher resolution fMRI requires much longer readouts to cover the greater area of k-space. For 128 × 128 matrix and other parameters held constant, the single-shot spiral trajectory will be nearly 60 ms long (and the EPI readout even longer), which will lead to substantial distortion. One solution is the use of parallel imaging, which can reduce the readout duration at an expense in SNR ( (Law et al., 2008; Pruessmann et al., 2001; Weiger et al., 2002) , Another approach is to use multiple-shot or interleaved imaging, in which >1 TR is required to cover all of k-space . With spiral, the duration of a 2-shot acquisition will be~29 ms, but the tSNR will be reduced because the total data acquisition time integrated over the scan is reduced by about half. A third approach is to take advantage of judicious undersampling of the high spatial frequencies by using a non-Archimedean spiral trajectory (Kim et al., 2003; Tsai and Nishimura, 2000) . By linearly increasing the spacing between spiral turns beginning at a radius k 1 from the origin and ending with a spacing of α× the nominal spacing for full sampling density at the edge, the readout duration can be significantly reduced without significantly impairing the impulse response function (Chang and Glover, 2010) . Results demonstrated that acceptable artifact levels can be attained with single-shot variable-density spiral designs applied to high resolution fMRI, with improved tSNR and BOLD contrast as shown in Fig. 7 for designs with 128 × 128 matrix. Thus, the use of such methods is a viable alternative for fMRI applications using smaller voxels than is typical.
Historical perspective
In June, 1992 the Richard M. Lucas Center for Imaging was dedicated at Stanford with keynote address by Nobel Laureate Richard J. Ernst, and fMRI studies were begun in the fall with colleagues from the Psychology Dept. Initial experiments utilized Spoiled Grass acquisitions with 1 or 2 slices and a net TR per volume of 6.4 s or 12.8 s, respectively. The 1.5 T magnet had "conventional" gradients with 10 mT/m, 20 mT/m/s characteristics, and it was not possible to perform single-shot MRI such as EPI. Various alternative GRE pulse sequences were therefore developed , but none were fully satisfactory because of the slow data collection rates that could be obtained with Cartesian trajectories. However, EE grad student Craig Meyer had been experimenting with multi-shot spiral methods for cardiac MRI (Meyer et al., 1992) . The spiral trajectory was efficient enough (and the gradient fidelity precise enough) that even with low speed gradients only a few "shots" were adequate to obtain excellent coronary artery images. The effectiveness of spiral methods in this temporally-demanding application inspired postdoc Adrian Lee to further develop and apply multishot spiral methods for fMRI (as in Fig. 1(C) ), and he demonstrated activation movies for observing venous outflow (Lee and Glover, 1995) . Stanford EE graduate Doug Noll brought the spiral technique with him to Michigan and was active in spiral's further Fig. 4 . Plots of gradient moments show similarity between EPI and spiral; however the origin of k-space in EPI (the TE) occurs half-way through the readout, where the moments are large at a slight distance from k = 0. For spiral the moments remain low for a relatively large radius around the origin, which leads to reduced sensitivity to motion. development for fMRI (Noll et al., 1995) . Thus, it was because of lack of high speed gradients that spiral methods were employed at Stanford from nearly the first to enable fMRI experiments. When "EPI gradients" were finally installed in 1995, we continued to utilize spiral methods because of the advantages that it apparently offered.
An obvious question is, "If Spiral is so meritorious, why haven't the vendors incorporated it into their products?" The answer is that the trajectory is highly demanding of the gradient subsystem, because two axes are simultaneously driving the readout at the slew-rate limit. Not only does the duty cycle need to be high, but the trajectory precision needed was initially difficult to achieve and corrections were required with some scanners (Ding et al., 1997) . In addition, early receivers had limited acquisition bandwidth and buffer length for data storage. Moreover, the reconstruction required interpolation of the raw data (Jackson et al., 1991) , which resulted in extra processing time, in an era when computers were not as powerful as Moore's Law demonstrates today. These limitations caused artifacts or modest performance that discouraged widespread development. By now vendors have developed spiral methods as either products or works-inprogress, but their availability and full deployment remains limited.
Discussion
The development of fMRI acquisition methods has centered on the use of two rapid methods, EPI and spiral. The latter technique was developed initially at Stanford in response to hardware limitations that precluded the use of EPI; these limitations were mitigated by spiral because the trajectory is efficient, has diminished sensitivity to motion and can acquire full brain imaging volumes with several-second TRs in multi-shot interleaving. Over the years since the early experiments, more powerful and higher field strength systems have become available, and the burgeoning use of fMRI in cognitive and clinical neuroscience has continued to drive the development of advanced fMRI methods using spiral trajectories (Bammer et al., 2005; Guo and Song, 2003; Sha et al., 2003; Truong and Song, 2008) . Other fMRI developments using spiral readouts include 3D Glover, 2007, 2009; Lai and Glover, 1998; Yang et al., 1996; Yang et al., 1999) , Hadamard sub-slice encoding (Glover and Chang, 2011) , diffusion (Liu et al., 2004; Liu et al., 2005; Song et al., 2004) , and perfusion (Hsu and Glover, 2006) . Implementation of spiral methods, however, is more complex than EPI. High gradient fidelity or k-space corrections are needed to avoid artifacts. Moreover, interpolation in k-space is needed during reconstruction. Furthermore, while parallel imaging has been demonstrated using spiral trajectories, it is clearly more compute intensive than Cartesian methods.
In some frontal brain regions, EPI provides greater signal recovery than spiral (Figs. 3,5) . That is because EPI's trajectory samples the (8 subjects) showing ratios of tSNR and voxel volumes for spiral-in/out and EPI at a threshold of tSNR ≥ 100; average whole-brain tSNR was 155 for EPI and 166 for spiral-in/out. Additional measurements were made for a region containing only11 slices covering frontal/anterior brain regions that demonstrate typical signal dropout (denoted "frontal"). All comparisons showed significant advantages for spiral-in/out (paired t-test 1-tailed) (note 18% increased number of voxels in frontal regions). Fig. 7 . (Left) representative variable density (VD) Spiral k-space design for 1.72 × 1.72 mm pixel size, and (right) single-subject results comparing single-and 2-shot Archimedean (Arch.) designs with single-shot VD design. The TE and TR (/volume) were set to minimums allowed by each acquisition for the same total scan time. In each case the TE was dictated by the readout time + the slice selection radio frequency and gradient pulses because a spiral-in/out design was employed (Chang and Glover, 2010) . transverse magnetization before TE as well as after, thereby increasing the signal from short-T2* components. The acquisition of the spiral-in image performs an analogous process in spiral-in/out techniques, although adaptive combination allows an optimization of the sampling in each voxel. In addition, the spiral-in/out method has an SNR advantage over EPI in magnetically uniform brain regions because of its overall longer acquisition time.
In summary, spiral-in/out methods have advantages in terms of signal recovery in regions compromised by SFGs as well as in providing greater SNR in uniform regions, which translates to improved BOLD contrast. Variable density trajectories allow substantial undersampling without significant artifacts, allowing higher resolution acquisitions. The inherently circular sampling results in blurring rather than geometric distortion, and because the trajectory is shorter, the blurring tends to be less intrusive. However, these methods engender greater challenges in their implementation, especially in image reconstruction and demand on the gradient system. Nevertheless, these engineering challenges have been largely mitigated, and spiral techniques provide a good choice for many fMRI applications.
